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1 Although 1.3 m semiconductor lasers based on the InGaAsP/InP system have been commonly used, their lasing threshold currents are highly temperature dependent due to poor carrier confinements in InGaAsP quantum wells. GaInNAs/AlGaAs system grown on GaAs substrates will be able to confine electrons more tightly in the quantum wells due to the larger conduction bands offsets compared with the InGaAsP system, which will efficiently prevent leakage currents and will reduce the temperature dependence of the threshold currents. 1 The higher temperature stability of the lasing threshold was demonstrated in a GaInNAs laser operating at around 1.3 m.
2
In addition to the stability of the lasing threshold against the environment change, the stability of the lasing wavelength is another important requirement on laser light sources for optical-fiber communications. Perlin et al. 3 recently studied the pressure and temperature dependence of the absorption edge of a Ga 0.92 In 0.08 N 0.015 As 0.985 alloy. They reported that the hydrostatic pressure coefficient of the band gap of the GaInNAs was more than a factor of 2 lower than that of GaAs. The temperature-induced shift of the absorption edge of GaInNAs was 12% smaller than that of GaAs. They explained this phenomenon by the large decrease of the deformation potential.
In this letter, the relation between the temperature dependence of the band gap energy of the GaAsN alloys and their N concentration is studied. A substantial decrease of the temperature dependence was found in GaAsN, and the transition from the temperature dependence of GaAs band-like states to that of more localized states was observed for the higher N concentrations.
0.1-6.2-m-thick GaAsN films were grown on semiinsulating GaAs͑001͒ substrates by metalorganic molecularbeam epitaxy. The metalorganic precursors used were triethylgallium, monomethylhydrazine, and trisdimethylaminoarsenic ͑TDMAAs͒. After thermal cleaning of GaAs substrate surfaces at 600°C with the simultaneous supply of TDMAAs, GaAsN layers were grown at 520-570°C. The N concentration in the GaAsN films were estimated from highresolution x-ray diffraction measurements. Detailed growth conditions and the estimation of the solid concentrations in GaAsN are reported elsewhere. 4, 5 The optical properties of the GaAsN films were studied by absorption measurements in the temperature range of 25-297 K. Figure 1 shows the photon energy dependence of (␣E) APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 10 6 MARCH 2000 temperature rise from 25 to 297 K, but it will be clear that the redshift energy difference is reduced for the higher N concentration. Figure 2 shows the N concentration dependence of the band gap shift (⌬E g ) with the temperature change between 25 and 297 K. As the N concentration in GaAsN is increased, ⌬E g is rapidly decreased. Above the N concentration of 0.80%, ⌬E g is nearly concentration independent and is about 60% of that of GaAs. This result suggests that the temperature-induced band gap shift is changing from that of GaAs to the one of N-related states.
To study the origin of this N concentration dependence, the temperature dependence of the energy gap was measured in more detail for various N concentrations up to ϳ4%. Figure 3 summarizes the temperature dependence of the measured band gap energies of the GaAsN films. It is well known that the temperature dependence of the direct band gap energy can be described by the Bose-Einstein expression proposed by Lautenschlager et al. 6 or the Varshni equation. 7 The dashed line ͑a͒ and the solid line ͑b͒ are the fits to the measured data of GaAs and GaAsN with the 2.97% concentration with the Bose-Einstein expression, respectively. The Varshni equation also gives good fits to the measurements and the parameters used for the fitting are summarized in Table I . The differential temperature coefficient dE g /dT measured at room temperature is also shown in Table I .
The dashed line ͑a͒ and the solid line ͑b͒ were vertically shifted by constant energies to check whether these lines can also fit the other N concentrations. When the N concentration is in the range of 0.80%-3.76%, the measured temperature dependence was nicely fitted with the vertically shifted solid line ͑b͒ as shown in Fig. 3 . This is consistent with the tendency shown in Fig. 2 . However, the properties for the N concentration range of 0.17%-0.66% could not be fitted with the single fitting model. The temperature dependence in the lower temperature range could be fitted with the vertically shifted solid line ͑b͒, while that in the higher temperature range near room temperature was more close to the vertically-shifted dashed line ͑a͒. The specific temperature where the fittings with the solid and dashed lines cross was shifted to the higher energy for the higher N concentration.
These results show that two kinds of N-related energy states with the different temperature dependencies play roles in determining the temperature dependence of the GaAsN band gap energies, i.e., an energy state with the higher temperature dependence similar to the GaAs bands and a N-related localized state with the lower temperature dependence. The former band-like state will be located in the higher energy at low temperature. But this state will show the larger redshift with the temperature rise and will cross over the localized impurity-like state which is located in the lower energy at the lower temperature.
Recently, the redshift of band gap energies in GaInNAs alloys induced by the N inclusion was discussed with a band anticrossing model assuming the formation of a narrow resonant band formed by nitrogen states which interact with the conduction band. 8 The pressure dependence of the band gap energies measured on the GaInNAs alloys showed the transition from the linear dependence to the much weaker dependence for the higher pressure. This pressure dependence was explained by considering two interacting energy levels: one associated with extended states and the other with the localized N states. The two energy states with the different temperature dependence discussed previously is consistent with 
